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Abstract 
Mesostructured silver catalysts have shown a substantial rise in reaction selectivity for the conversion of CO2 into fuels with 
increasing thickness of ordered, inverse-opal films. The challenge lies in the optimization of the morphology to maximize 
the CO selectivity. We developed a 3D mass transport model utilizing the accurate electrode geometry to calculate local 
concentration distributions of CO2(aq), OH-, HCO3-, and CO32- by considering the buffer reactions in the electrolyte and 
modeling local catalytic surface reaction rates based on Butler-Volmer correlations. Validated with experimental data from 
the literature, the model predicted the suppression of the hydrogen evolution reaction with an inverse dependency on the 
hydroxide concentration and the promotion of the CO evolution reaction with a proportional dependency on the carbonate 
concentration. In order to increase the CO selectivity, we developed design guidelines that suggest high electrode 
roughness per film thickness, which translates to smaller pore size in practice. Further, the shallow pores of the electrode 
strongly reduced the overall CO selectivity as the mass transport to the bulk was non-limiting. We demonstrated that the 
introduction of an additional diffusion layer on top of the silver electrode can enhance the CO selectivity from as low as 
39% to more than 90%. 
 
1. Introduction 
The electrochemical reduction of CO2 offers a path to store 
electricity from renewable sources in energy-dense 
chemical bonds.1–4 During this process, carbon will be 
recycled by transforming available CO2 into valuable 
chemicals and fuels while mitigating further greenhouse gas 
emissions.5–7 Transition metals (e.g., Cu, Au, Ag) have been 
demonstrated to catalyze the multi-electron, 
electrochemical reduction of CO2 for the production of 
carbon monoxide (CO), formic acid or formate (HCOOH or 
HCOO-), hydrocarbons and alcohols.6,8 However, low energy 
efficiencies and high costs have so far been the obstacles for 
novel CO2-to-fuel conversion technologies.3 In addition, the 
selectivity of the catalysts towards the desired products is 
often poor, which adds to the complexity of the system.9 In 
most practical applications, the CO2 is reduced in an 
aqueous environment, where the hydrogen evolution 
reaction rate often outcompetes the desired product 
evolution rate.4 Unless the goal is to produce synthesis gas 
(a mixture of hydrogen and CO)10, the key requirement for 
an efficient CO2-to-fuel catalyst is to favor the activation of 
CO2 to produce CO and keep the hydrogen evolution rate 
low. Even if CO is further reduced on a copper surface, the 
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initial selectivity towards CO will determine the overall 
upper limit for the CO2-to-fuel conversion.11–13 Gold and 
silver electrodes, in particular, have shown to reduce CO2 
only to CO, but the selectivity for this reaction is low 
compared to the hydrogen evolution reaction.14–16 The 
selectivity depends on the intrinsic property of the active 
site of the catalyst surface and the local concentration of the 
reaction partners, which are the concentrations of reactants 
and species involved in the rate-limiting steps of the 
reaction pathway.17 The intrinsic properties are material 
specific, but research has demonstrated the impact of 
particle shape and size, and low-coordinated facets on the 
activity of the catalysts, allowing to tune the selectivity by 
nanostructuring.18 The species concentrations, on the other 
hand, can be influenced by the morphology on the 
mesoscale. An ordered mesostructure of gold inverse opals 
has proven to diminish the hydrogen evolution reaction by 
10-fold compared to a planar electrode.19 By 
electrodepositing gold in the void of a close-packed colloidal 
polystyrene thin films, the surface structure remained 
unchanged for porous electrodes of various thickness. 
Therefore, suppression of the hydrogen evolution reaction 
had been attributed to the mass transport rather than the 
surface structure. Similar mesostructures made out of silver 
have shown not only suppression of the hydrogen evolution 
reaction, but also promoted the CO evolution reaction, 
increasing the CO selectivity even further.17 With the two 
competing surface reactions and multiple buffer reactions 
in the electrolyte, a mesostructure introduces complex 
diffusional gradients that could increase the overall 
selectivity rather than just be limiting, as it would be the 
case for a single product evolution reaction.19,20 The species 
concentration and the pH value in the mesostructure can be 
substantially different from the bulk electrolyte.21 Due to 
the production of hydroxide ions (OH-), the local pH near the 
catalyst surface is increased, which is thought to change the 
adsorption behavior of reaction intermediates that could 
pose a mass transport limit for the hydrogen evolution 
reaction.22–24 Also, the local pH affects the equilibria of the 
acid-base reaction in the buffer solution, shifting towards 
carbonates and bicarbonates, thereby reducing the local 
concentration of CO2.20,25 For a better understanding of the 
processes that lead to an enhanced CO selectivity in 
mesostructures, it is important to know the species 
concentration distributions in the porous catalysts. 
Experimentally, only the bulk concentrations and pH can 
easily be measured, The local concentration values at the 
electrolyte-catalyst interface are not accessible. 
Computational mass transport models can provide 
additional information on the processes taking place on the 
pore level. So far, many of the numerical studies have 
focused on the device level, modeling the mass transport on 
a macro scale between the cathode and anode.10,26–28 
Numerical models that focus on the pH and species 
distribution near the catalyst surface have been 
implemented in 1D for planar electrodes and show that 
higher buffer strength has a negative effect on the CO 
selectivity. 20,29 Even though the bulk pH is higher than in a 
low buffer strength electrolyte, the local surface pH is 
reduced by the buffer reaction. In comparison with 
experimental data, a more sophisticated 1D model on a 
planar gold surface has been used to determine the role of 
the bicarbonate in the rate-limiting step of CO2 reduction 
catalysis.14 Furthermore, Raciti et al.30 recently applied a 
mass transport model to a nanostructured copper 
electrode. Their study predicted the species concentration 
and local pH values between the copper nanowires by using 
effective transport properties in a 1D approach. 
Here we report a transport model based on the detailed 3D 
mesostructure, taking into account the diffusion of species 
in the pore space, the buffer reactions in the electrolyte and 
surface reaction rates dependent on the local concentration 
of the reaction partners. The model was validated with 
experimental data from Yoon et al.17 The results of the study 
provide new insights into the local species concentration 
distributions and the local current distribution of the CO and 
H2 evolution reactions. The model was used to establish new 
design guidelines for ordered, mesostructured inverse opals 
catalysts to increase the CO faradaic efficiency in 
electrochemical CO2 reduction. 
 
2. Model Description and Governing Equations  
We consider a mesoporous silver electrode for the 
electrochemical reduction of CO2 in potassium bicarbonate 
(KHCO3) electrolyte. Our model domain replicates an 
ordered Ag inverse opal (Ag-IO) electrode structure 
fabricated by Yoon et al.17 They have used colloidal 
polystyrene thin films as a template for the silver deposition. 
The polystyrene spheres have been stacked in a hexagonal 
close-packed arrangement, leading to a face centered cubic 
(FCC) lattice of the pore network. The details of the 
fabrication process (sphere deposition, sintering, and silver 
electrodeposition) and experimental electrode 
characterization can be found in their publication.17 The 
thickness of the Ag-IO films can be precisely controlled, and 
the uniform porosity, surface structure, and tortuosity make 
these films suitable for the experimental validation of our 
model. The model domain of the porous Ag-IO network with 
pores of about 200 nm in diameter is shown in Figure 1. 
Twelve channels interconnect each pore, with channel 
diameters of around 70 nm (extracted from SEM images17). 
The desired morphology was achieved by overlapping the 
spheres of a hexagonal close-packed bed. The starting 
radius of the spheres was rsphere=rpore – dr, and the sphere 
radii were subsequently increased by dr=7 nm. The domain 
symmetries are along the hexagonal prism walls. The key 
morphology parameters of the Ag-IO films are the film 
thickness, t, the pore diameter dpore, and the surface 
roughness factor, RF, defined as the electrochemical active 
Figure 1. Illustration of the mass transport model for 
electrochemical reduction of CO2 on Ag-IO. 
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surface area (ECSA) normalized to the geometric area of the 
electrode. In the model, ECSA was the surface area of the 
Ag-electrolyte interface and the geometric area was the 
hexagonal cross-section of the symmetry unit cell. The film 
thickness is a function of the number of pores and the pore 
radius and is shown at end of this section. An electrolyte 
bulk concentration of 0.1 M KHCO3 was considered with a 
boundary layer thickness of 1 μm. This boundary layer 
thickness has been reported to correspond to a stirring rate 
of approximately 700-800 rpm.14 In the concentration 
boundary layer, the convection and velocity gradients were 
assumed to be insignificant.  
The buffer reactions in the CO2 and bicarbonate system in 
alkaline solution are:  
     CO2(aq) + OH
−⇔HCO3
−               𝐾1 = 4.44 × 10
7  1 M⁄   (1) 
    HCO3
− + OH−⇔CO3
2− + H2O         𝐾2 = 4.66 × 10
3  1 M⁄  (2) 
with reaction rate constants from the literature shown in 
Table 1.20,31 The bulk electrolyte is saturated with CO2, and 
the bulk species concentrations are given in Table 2.14 The 
diffusion coefficients of the various species in water are 
listed in Table 3.4 
The following partial differential equations in steady state 
conditions describe the mass balances of the species in the 
boundary layer and the pore space:  
0 = 𝐷CO2∇
2[CO2(aq)] − [CO2(aq)][OH
−]𝑘1f
+ [HCO3
−]𝑘1r                                                       (3) 
0 = 𝐷HCO3−∇
2[HCO3
−] + [CO2(aq)][OH
−]𝑘1f − [HCO3
−]𝑘1r
− [HCO3
−][OH−]𝑘2f + [CO3
2−]𝑘2r                  (4) 
0 = 𝐷CO32−∇
2[CO3
2−] + [HCO3
−][OH−]𝑘2f − [CO3
2−]𝑘2r             (5) 
0 = 𝐷OH−∇
2[OH−] − [CO2(aq)][OH
−]𝑘1f + [HCO3
−]𝑘1r
− [HCO3
−][OH−]𝑘2f + [CO3
2−]𝑘2r                  (6) 
At the silver electrode surface the two competing reduction 
reactions are: 
CO2 + H2O + 2𝑒
− ⇔CO + 2OH−          𝐸0 = −0.1V vs. RHE (7) 
2H2O + 2𝑒
−⇔H2 + 2OH
−                     𝐸0 = 0V vs. RHE        (8) 
Above, the equilibrium potentials are given versus the 
reversible hydrogen electrode (RHE). The molar flux of the 
produced species was calculated from the current densities 
using Faraday’s law. The surface reactions were modeled by 
concentration dependent Butler-Volmer correlations:  
𝑖CO = 𝑖0,CO (
𝑐
CO3
2−
𝑐
CO3
2−,0
)
𝑚
(
𝑐OH−
𝑐OH−,0
exp (
𝛼𝑎,CO𝐹𝜂
𝑅𝑇
) −
𝑐CO2
𝑐CO2,0
exp (
−𝛼𝑐,CO𝐹𝜂
𝑅𝑇
))    
    (9) 
 𝑖H2 = 𝑖0,H2 (
𝑐OH−,0
𝑐OH−
)
𝑛
(
𝑐OH−
𝑐OH−,0
exp (
𝛼𝑎,H2𝐹𝜂
𝑅𝑇
) − exp (
−𝛼𝑐,H2𝐹𝜂
𝑅𝑇
))           (10) 
 𝛼𝑎 + 𝛼𝑐 = 2                                                                                                                              (11) 
with exchange current densities, i0, anodic, αa, and cathodic, 
αc, charge transfer coefficients. With the number of 
transferred electrons equal to two for both reactions, the 
charge transfer coefficients in eqs. (9) and (10) can be 
substituted by αc=β and αa=2-β, and β was fitted to 
experimental data. The anodic back reactions were included 
in the model, but their contributions were small at the 
overpotentials relevant for CO2 reduction compared to the 
cathodic reactions. The mass transport limitations, 
especially for CO2(aq), were taken into account with the 
concentration dependent terms in front of the exponential 
functions. The water reduction reaction rate has been 
shown to be intrinsically pH dependent on Ag and Au 
electrodes.17,19 The suppression of the H2 evolution at higher 
pH values was modeled with an inverse dependency of the 
exchange current density on the OH- concentration. The 
promotion of CO evolution for mesoporous Ag electrodes 
has been hypothesized to be related to increased activity of 
CO32-.17,32 Our calculations showed (see discussion in section 
3.2) that besides the increase in OH- concentration, the 
activity of CO32- was the only activity with a substantial 
change from the bulk concentration in a mesoporous 
structure. The parameters m and n of eqs. (9) and (10) were 
fitted to experimental data. The experimental voltage 
sweeps of Yoon et al.17 showed a limiting current densities 
for both reduction reactions. For the H2 evolution, the 
current density reached a plateau at -0.75V vs. RHE for a flat 
Ag electrode. In the same study, the CO evolution for a 
mesoporous Ag electrode with a roughness factor of more 
than 100 showed a linear increase for higher potentials, 
indicating a limit in mass transport. Both cases were 
Table 1. Rate constants for reactions (1) and (2) at 25°C. 20,31 
Reaction Forward rate constant Reverse rate constant 
1 k1f = 5.93 × 103  M-1s-1 k1r = 1.34 × 10-4  s-1 
2 k2f = 1 × 108  M-1s-1 k2r = 2.15 × 104   s-1 
 
Table 2. Species bulk concentrations in 0.1 M KHCO3 at 25°C.14 
CO2(aq)  [M] HCO3-  [M] CO32-  [M] OH-  [M] 
0.033 0.1 2.9 × 10-5 6.6 × 10-8 
 
Table 3. Diffusion coefficients of species in water at 25°C. The 
values have been corrected for the viscosity with the Stokes-
Einstein equation.4 
DCO2 [m2s-1] DHCO3- [m2s-1] DCO32- [m2s-1] DOH- [m2s-1] 
1.48 × 10-9  9.25 × 10-10 7.12 × 10-10 5.27 × 10-9 
 
assumed to be caused by adsorption of inhibiting species on 
the Ag surface and were modeled with an absolute 
maximum current density: 
    𝑖 =
𝑖w
1+‖
𝑖w
𝑖lim
‖
                                                                                                             (12) 
where iw is the current density without considering the 
specific mass transport limitations through adsorption, and 
ilim is the limiting current density that correlates to the 
maximum reaction rate observed in the experiment.  
The set of differential eqs. (3)-(6) and algebraic eqs. (7)-(11) 
was solved on a 3D tetrahedral mesh using a finite element 
solver (COMSOL 5.3). 
3. Results 
3.1 Empirical parameters and model validation  
The exchange current densities, i0, and the charge transfer 
coefficients, β, for the CO2 and water reduction reactions at 
the Ag surface were determined by fitting a 3D model to the 
experimental data of a planar silver electrode in 0.1 M 
KHCO3.17 The best fitting parameters were found by 
minimizing the sum of square errors (SSE) between the 
model and the experimental data for a roughness factor (RF) 
equal to 4. RF=4 corresponds to a planar electrode and the 
results are listed in Table 4 and shown in Figure 2. The model 
was fitted to the averaged experimental results of three 
planar electrodes. The reduction rate dependencies on the 
OH- and CO3- activities were initially kept first order. Three 
Ag-IO with RF=43, 78, 109 were digitally replicated to 
validate the mesoporous model by comparing the 
simulation results to the experimental values from Yoon et 
al.17 The roughness factor versus film thickness is shown in 
Figure S1 for the experimental and model structures. With a 
pore diameter of 200 nm and channel diameters of 70 nm, 
the model geometries exhibited smaller RF for the same film 
thickness. Besides measurement errors, the differences 
could be caused by a roughness at the pore scale of the Ag-
IO. As the surface area has a dominant effect on the OH- 
production and CO2 consumption, the exchange current 
densities i0,CO and i0,H2 were multiplied by a correction factor 
to compensate for the smaller surface area. For both 
reduction reactions, a limiting current density was observed 
in the experimental data. The water reduction reached a 
plateau for a planar electrode at around -0.75 V vs. RHE, 
whereas the CO2 reduction exhibited a linear instead of an 
exponential increase for RF>43 between -0.7 and -0.75 V vs. 
RHE. The observed mass limiting phenomena could most 
likely be the adsorption of reaction inhibiting species at the 
electrolyte-electrode interface, limiting higher current 
densities. For both reactions, a limiting current density was 
extracted from the experimental data and the values added 
to the model are shown in Table 4. The dashed lines in 
Figure 2 show the simulation results for m=n=1. The general 
trend of H2 evolution suppression and CO evolution 
promotion for higher RF can be observed. However, the 
model is less sensitive to the mesoporous structure; hence, 
for an Ag-IO with RF=109 at a potential of -0.7 V vs. RHE, the 
partial CO current density was 1.6 times smaller and, the 
Figure 2. Partial current density for the CO2 and water reduction reaction, normalized by the electrochemical active surface area (ECSA). 
The experimental data from Yoon et al.17 is shown with markers. The computed results are shown with a dashed (m=n=1) and a solid 
line (m=n=1.2). The lines and markers are color coded based on their roughness factor RF. 
ba
partial H2 current density was 2.5 times larger than the 
experimental values. This is also reflected in the faradaic 
efficiency for the CO production shown in Figure 3, where at 
the same potential the selectivity towards CO production 
was 1.7 times smaller than measured experimentally. 
However, the model predicted the experimentally observed 
shift to lower potentials for the peak in CO faradaic 
efficiency, when the roughness of the Ag-IO was increased.  
In order to increase the sensitivity of the model towards the 
mesoporous structure, the reduction rate dependencies on 
the OH- and CO3- activities were allowed to be greater than 
1 and fractional. By keeping the same fitting algorithm, the 
exchange current densities and charge transfer coefficients 
were determined on the planar 3D simulation for given 
values of m and n. The mesoporous model was then 
validated and the SSE between the model and the 
experimental data were assessed. The best fitting values for 
m and n were found by minimizing the SSE. The parameters 
are listed in Table 4 and, the partial current densities are 
shown with a solid line in Figure 2. For an Ag-IO with RF=109 
at a potential of -0.7 V vs. RHE, the model partial CO current 
density matched the experimental value, and the partial H2 
current density was 1.6 times larger than measured. The 
model, with m=1.2 and n=1.2, predicted a maximum 
faradaic efficiency in the CO production of 63% at -0.725 V 
vs. RHE, 10 percentage points less than measured with a 
shift in potential of -0.025 V. The goodness of fit was 
quantified by the R-square method and the values for both 
parameter sets are shown in Table 4. The model with the 
parameter set 2 described 81% and 79% of the total 
variation in the experimental data for the CO and H2 
evolution, respectively. The parameter set 2 was used in the 
mesoporous model for the subsequent sections. 
A sensitivity study was done by independently varying the 
pore and channel diameter by ±10% (Figure S2). Both 
parameters altered the suppression of the water reduction 
reaction. Reducing the pore diameter decreased the CO 
selectivity, whereas a reduction in the channel diameter 
enhanced the CO selectivity. In this sensitivity study, the 
number of pores were kept constant, but the film thickness 
changed, leading to a smaller overall surface area for a 
reduced pore diameter, and a larger surface area for a 
structure with smaller channel diameters. For both cases, 
the deviation in the maximum CO faradaic efficiencies was 
smaller than 7 percent points.  
3.2 Local current densities and species 
concentrations 
The validated 3D model of the replicated mesoporous Ag-IO 
offers unique insights into the local current density 
distributions of the CO2 and water reduction reactions and 
the local concentrations of the species CO2, OH-, HCO3-, and 
CO32- in the pore space. Overall, the partial CO current per 
ECSA was promoted for Ag-IO with higher roughness 
factors, and the partial H2 current was suppressed. 
However, the local current densities were not 
homogenously distributed along the z-axis, as shown in 
Figure 4a for a potential of -0.8 V vs. RHE.  
The biggest suppression of H2 evolution occurred in the 
lowest 20% of the pore network, whereas in the shallower 
pores, near z=t, the H2 partial current density increased 
sharply to values close to the planar case. The promotion for 
the CO evolution was also more pronounced near the 
bottom of the electrode, with a small decrease in CO partial 
current density towards the top of the film. These 
observations were consistent with the calculated species 
concentrations shown in Figure 4b. The rate of OH- 
production in the deepest pores was substantially higher 
than the diffusion flux towards the bulk electrolyte. This led 
Figure 3. CO faradaic efficiency on Ag films, with differing RF, as 
a function of applied potential. The legend and color code is the 
same as in Figure 2. 
       Table 4. Empirical parameters fitted to the experimental data of a planar Ag electrode. R2 quantified the goodness of fit for both sets.  
            Set 𝑖0,CO  [A m-2] 𝑖0,H2  [A m
-2] 𝑖lim,CO  [A m-2] 𝑖lim,H2  [A m
-2] 𝛽CO  [-] 𝛽H2  [-] 𝑚  [-] 𝑛  [-] 𝑅
2
CO  [%] 𝑅
2
H2   [%] 
1 1.0012 × 10-5 7.0102 × 10-10 0.4 1.1 0.29 0.95 1 1 71 68 
2 8.4083 × 10-6 9.2084 × 10-10 0.4 1.1 0.29 0.95 1.2 1.2 81 79 
 
to a build-up of OH- and, through the buffer reaction of the 
electrolyte, also increased the CO32- concentration. For 
pores closer to the top of the film, the mass transport 
towards the bulk electrolyte was faster, leading to lower OH- 
and CO32- concentrations. The calculations showed that the 
top 40% of the Ag-IO films substantially reduced the 
selectivity towards the CO evolution and that higher CO 
faradaic efficiencies could be achieved by decreasing the 
mass transfer in this part of the film.  
Figure S3 proves that there are no concentration gradients 
perpendicular to the z-axis for CO2, HCO3-, and CO32 and only 
a small gradient for OH (±0.3%)-. Also, the OH- concentration 
was the only concentration profile that was not 
monotonically increasing or decreasing along the z-axis in 
the pore space. At the top section of each pore, the OH- 
concentration increased slightly due to the longer diffusion 
path through one of the three channels that are not on the 
top of the pore space. This explains the wavy OH- 
concentration profile in Figure 4b. 
For the considered operation conditions, the consumption 
of CO2 was low and with a maximum decrease of 2% from 
the saturation concentration (RF=109), far away from mass 
transport limitations. Also the depletion of HCO3- was small 
and has been shown not to take part in any rate-limiting 
step14. 
3.3 Pore size vs. film thickness 
The film thickness, t, and the pore size, dpore, determine the 
morphology of inverse opal mesoporous structures. When 
using a self-assembling sphere packing for the template, the 
pore network is defined by an FCC lattice in a hexagonal 
close-packed arrangement.33 A roughness factor of 1 was 
assumed on the pore level and the dependency of RF vs. t 
was linear (Figure S1). The sphere overlap, dr, from the 
sintering process, was assumed to be proportional to the 
pore radius. The relation dr=0.07·rpore was extracted from 
SEM images of the Ag-IO.17 Therefore, the surface area, the 
roughness factor and, the tortuosity are geometrically 
linked to t and dpore.  
Increasing the film thickness for a constant pore size 
increased the diffusion path lengths of the species and more 
OH- and CO32- accumulated in the pore network. As 
previously seen, this led to a higher partial CO current 
densities and a higher CO faradaic selectivity. Figure 5a 
shows the partial CO current density, and Figure 5b shows 
the CO faradaic selectivity for Ag-IO of thickness 3, 6 and 15 
µm. In contrary, increasing the pore size for a constant film 
thickness decreased both current density and selectivity. 
Having bigger pores for the same film thickness translates to 
a smaller surface area, and therefore, a lower rate of OH- 
production which favors the water reduction reaction. For 
the considered pore diameters of 100-400 nm, the change 
in the averaged tortuosity was negligible as shown in Figure 
6. With the thickness of the film much bigger than the pore 
diameter, mass transport lateral to the film thickness was 
insignificant.  
Figure 5c and 5d quantify the effect of the film thickness and 
the pore diameter on the maximal achievable CO faradaic 
efficiency and the required electrode potential. The linear 
dependency of RF vs. t and the non-linear dependency of RF 
OH-
CO3
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-
CO2
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RF = 43
RF = 109
RF = 78
ba
Figure 4. (a) Local current density profiles of CO and H2 evolution along the z-axis of Ag-IO electrodes with RF=4, 43, 78, 109 and thickness 
t=0 (planar), 1.7, 3.1, 6.2 μm, respectively. (b) Concentration profiles along the z-axis of OH-, CO32, HCO3- and CO2 versus their bulk 
concentration. Both Figures are at a potential of -0.8 V vs. RHE. 
vs. dpore is shown. For a pore diameter of 200 nm, a film 
thickness of more than 10 µm was needed to push the CO 
faradaic efficiency above 90%. The same faradaic efficiency 
could be achieved with a pore diameter of 100 nm at a 
reduced film thickness of 7 µm. The thin film consisted of 93 
pores, whereas the thicker film only had 67 pores. With the 
porosity independent of the pore size at a value of 0.87, 30% 
of Ag could be saved by halving the pore size. From this point 
of view, reducing the pore size is the superior path to boost 
the selectivity towards CO2 reduction. However, in reality, 
the optimum for such an electrode will also depend on the 
homogeneity of the mesoporous film. Whether thin films 
with small pore diameters or thicker films with big pore 
diameters can be fabricated with a higher homogeneity and 
reproducibility needs to be experimentally investigated. In 
summary, for IO films, it is not enough to characterize the 
film by its roughness factor; instead, the film thickness and 
pore diameter were observed to be the key parameters to 
optimize the geometry. 
In general, the peak of the maximum CO faradaic efficiency 
was observed at lower potentials vs. RHE when increasing 
the film thickness or reducing the pore diameter. The 
potential was linked to the value of the maximum CO 
faradaic efficiency, and not directly dependent on the film 
thickness and pore diameter. Both film mentioned above 
(t=10 µm, dpore=200 nm and t=7 µm, dpore=100 nm) have a 
maximum CO faradaic efficiency of 90% at the same 
potential of -0.675 V vs. RHE. Using a mesoporous Ag-IO not 
Max @ E vs. RHE [V]
dpore
t
3 μm
6 μm
15 μm
Max CO efficiency [%]
ba
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Figure 5. (a) Partial CO current density and (b) CO faradaic efficiency for Ag-IO with pore diameters of 150-400 nm and film thickness of 
3, 6 and 15 μm. (c) The values of the maximum CO faradaic efficiency in the contour plot as a function of t and RF. The linear relation 
between RF and t is shown for the different pore diameters. (d) The potentials vs. RHE for the maximum CO faradaic efficiency as a 
function of the film thickness t and the roughness factor RF. 
 
only enhances substantially the CO faradaic efficiency, but 
also decreases the required potentials vs. RHE. 
 
3.4 Additional diffusion layer  
As shown in section 3.2, a substantial part of the selectivity 
towards the CO2 reduction was lost in the top half of the Ag-
IO, where local concentrations of OH- and CO32- were not 
high enough to suppress the H2 or promote the CO 
production, respectively. With thicker films or smaller pore 
diameters, the contributions of the top part of the 
mesoporous film relative to the overall fuel production of 
the film were smaller, but the aforementioned phenomena 
remained. In order to address this issue, an additional 
chemically inert diffusion layer was introduced on top of the 
Ag-IO. From an experimental point of view, the most 
straightforward approach would be an inert layer using the 
same polystyrene sphere template as for the Ag film. After 
the electrochemical deposition of Ag, another metal layer, 
with no activity towards CO2 and water reduction, could be 
deposited in the same manner. For the calculations, pore 
diameters of 200 nm were considered and a roughness 
factor of 1 was assumed on the pore level. Zero current 
densities at the interface of the electrolyte and the inert 
layer was assumed Figure 7a shows the gain factor in the 
maximum CO faradaic efficiency for Ag films with a thickness 
of 3, 6, 10 and 15 µm, and a layer thickness of the inert metal 
of 0.5, 1, 1.5, 2 or 3 µm. Evidently, the thick Ag films with the 
additional diffusion layer, and with an already high CO 
faradaic efficiency, had less of a gain compared to the 
thinner Ag films. For the latter, a dramatic improvement was 
observed. For a 3 µm thick Ag-IO, the CO faradaic efficiency 
could be increased from 29% to over 58% by adding 3 µm of 
an inert layer. Whereas with a 6 µm thick Ag film, the 
improvement was less drastic, yet the efficiency could be 
pushed above 91%. Figure 7b shows the effect of the 
Figure 6. The averaged tortuosity as a function of film thickness 
(3, 6, 10, and 15 μm) and pore diameter (100, 200 and 400 nm). 
The tortuosity is defined as the diffusion path length through the 
entire Ag-IO film divided by the thickness t. 
 
Figure 7. (a) The gain factor in the maximum CO faradaic efficiency resulting from an additional chemically inert layer with the same 
mesoporous structure on top of the Ag-IO. The added layer has a thickness between 0.5 and 3 μm. The maximum CO faradaic efficiency 
of the bare electrode (without an inert layer) is shown on the top x-axis. (b) The local CO and H2 evolution current density distribution 
along the z-axis for a t=3 μm thick Ag-IO at -0.7 V vs. RHE with (colored lines) and without (dashed line) the chemically inert layer of 
thickness between 0.5 and 3 μm. Local current densities at the film position z were averaged. 
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thickness of the inert top layer on the local current density 
distributions for a 3 µm thick Ag-IO at -0.7 V vs. RHE. Local 
current densities at the film position z were averaged. The 3 
µm thick diffusion layer limited the increase in the H2 partial 
current density from the bottom of the electrode to the top 
to 75%, whereas it increased by 236% for the bare Ag film. 
The introduction of an additional diffusion layer successfully 
suppresses the water reduction in the shallower pores of 
the Ag film. In addition, the CO faradaic efficiency is further 
improved throughout the whole electrode due to the 
increased diffusion path lengths. 
The concept of an additional diffusion layer on top of the Ag-
IO can be extended by considering lower porosities, higher 
tortuosity or thicker films of the inert material. A porous 
domain, with thickness tdiff, was added on top of the Ag 
structure in our model. Within that porous domain, the 
diffusion coefficients were reduced by a factor p, resulting 
in the effective diffusion coefficient, Deff: 
𝐷eff = 𝑝 ∙ 𝐷     (e. g.     𝑝 =
𝜀
𝜏⁄ < 1)                            (13) 
The reduction of the effective diffusion coefficient, if not 
experimentally measured, can be estimated from the ratio 
of the porosity and tortuosity.34 The porosity accounts for 
the reduced electrolyte volume fraction and the tortuosity 
for the longer diffusion pathlengths through the porous 
domain. As seen in Figure 6, the tortuosities of inverse-opal 
layers are close to one, leading to p≈ε. Inside the porous 
material of thickness tdiff, the buffer reactions were still 
considered. The mass transport through the porous layer 
was reduced by either decreasing p or increasing the 
thickness tdiff. Figure 8 quantifies the gain factor in the 
maximum CO faradaic efficiency as a function of the ratio of 
those two parameters. As a comparison, the inert metal 
layers (Figure 7a) with a thickness of 0.5 µm or 3 µm, 
correspond to a ratio p/tdiff of 1.74 or 0.29, respectively. 
Ratios larger than 1.2 are not shown in the contour plot, as 
their gain factors were small and not of interest. Figure 8 can 
be used as a design guideline to choose an appropriate 
diffusion layer on top of a mesoporous Ag-IO to boost the 
CO faradaic efficiency above 90% for a given film thickness. 
For an optimum CO2 reduction electrode, the film thickness 
should be as large as experimentally possible to benefit from 
the large surface area, combined with the right diffusion 
layer to suppress the water splitting reaction in the upper 
part of the catalytic film.  
4.Conclusion 
We developed a finite element numerical model applied to 
an accurate 3D geometrical representation of an ordered 
mesostructured Ag electrode. The model takes into account 
the mass transport and the electrolyte buffer reactions in 
the pore space and predicts the catalytic reaction rates at 
the electrolyte-Ag interface based on concentration 
dependent Butler-Volmer correlations. We demonstrated 
that the dramatic suppression of the undesirable H2 
evolution reaction rate and the promotion of the CO 
evolution reaction rate as a function of the roughness factor 
could successfully be modeled by an inverse OH- 
concentration dependency of the H2 evolution exchange 
currency and a proportional dependency of the CO 
evolution exchange currency on the CO32- concentration. 
The best agreement with experimental data was found for 
fractional reaction orders of 1.2 for both evolution rates. 
The model gives detailed insights on the local concentration 
distributions of CO2(aq), OH-, HCO3-, and CO32- in the pore 
space. For a 0.1M KHCO3 electrolyte, saturated with CO2, the 
considered operation conditions for a maximum CO faradaic 
selectivity were far away from a mass transport limit of 
CO2(aq). However, a substantial build-up of OH- and CO32 
was observed in the lower part of the film, as the mass 
transport rate could not keep up with the OH- evolution rate. 
In contrast, the shallower pores exhibited low OH- and CO32 
concentrations that were translated in locally high H2 and 
low CO current densities. Therefore, a significant part of the 
potential for a high CO faradaic efficiency of a 
mesostructured Ag electrode was lost in the top half of the 
Figure 8. The gain factor in the maximum CO faradaic efficiency 
resulting from an additional porous inert diffusion layer on top of 
the Ag-IO. p (<1) is the factor by which the diffusion coefficients 
are reduced in the porous media and tdiff is the thickness of the 
diffusion layer. 
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catalytic film, due to a high mass transport rate. The 
morphology of the electrode, which the species need to 
diffuse through, could be described solely by the pore 
diameter. The pores were always stacked in a hexagonal 
close-packed arrangement in an FCC lattice, which was 
given by the colloidal polystyrene spheres template. The 
maximal achievable CO selectivity was dictated by the pore 
diameter and the film thickness. Both parameters directly 
influenced the surface area, which was the key property to 
boost the CO faradaic efficiency. The goal is to have as much 
active Ag surface in regions where the OH- and CO32 
concentrations are high. For a mesostructured Ag electrode 
with a pore diameter of 200 nm, a thickness of at least 10 
µm is required to reach a CO selectivity above 90%. The film 
thickness can be substantially reduced when using a 
template with smaller spheres, as the surface area per film 
thickness is increased. A reduced film thickness could lead 
to more homogeneous deposition of Ag during the 
fabrication process of the electrode.  
Based on the detailed insights from the model, we proposed 
a strategy to further increase the CO faradaic efficiency of a 
mesostructured Ag electrode. To address the low H2 
evolution rate suppression in shallow pores and to reduce 
the amount of expensive catalytic material, an additional 
chemically inert diffusion layer can be introduced on top of 
the Ag electrode. Using the morphology from the same 
template, but depositing an inert material on top, the CO 
selectivity was successfully increased from 60% to more 
than 90%. We generalized the approach by characterizing 
the diffusion layer as a porous inert media with a certain 
thickness and reduced effective diffusion coefficients. The 
effect of the layer thickness and the reduction factor of the 
diffusion coefficient on the CO selectivity was predicted by 
our model.  
The results of our mass transport model provide rational 
design guidelines for the fabrication of ordered, 
mesostructured Ag electrodes for the selective, and 
efficient CO2 reduction reaction. In the considered 
parameter range, the electrode should be as thick as 
experimentally possible to ensure a high total CO evolution 
current, while a reduced pore size and the addition of an 
inert diffusion layer can dramatically boost the CO 
selectivity. 
The model can be applied to other material, e.g. Cu, in order 
to investigate and provide guidelines for more selective 
mesoporous layers. However, for each material the 
empirical parameters in the Butler-Volmer correlations 
need to be quantified beforehand in order to apply the 
model. Eventually, multi-layered mesostructured electrodes 
could be proposed, designed and optimized for the selective 
processing of other CO2 reduction products by, for example, 
introducing a multi-step process in which the selective CO 
evolution on the Ag surface could be followed by selective 
conversion to hydrocarbons on a Cu surface. 
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